In recent decades, innovative techniques combining atomic force microscopy (AFM) with vibrational spectroscopy have opened up a new frontier in materials analysis, producing chemical maps with resolutions which far surpass the Rayleigh diffraction limit, in the range of 10--100 nm.^[@ref1],[@ref2]^ This rapidly developing field encompasses tip-enhanced Raman spectroscopy (TERS),^[@ref3]^ scattering scanning nearfield optical microscopy (s-SNOM),^[@ref4]^ and photothermal infrared techniques (AFM-IR).^[@ref5]^ Of these, the photothermal AFM-IR approach has quickly gained popularity among material scientists due to its simplicity and versatility.^[@ref6]^

During AFM-IR, the diffraction-limit associated with conventional microspectroscopy optics is side-stepped by monitoring the thermal expansion of materials induced by the absorption of infrared radiation, using an AFM probe in contact with the sample surface as the detector, [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. In contrast to s-SNOM, this approach gives a direct measure of infrared absorption, simplifying interpretation. In addition, AFM-IR does not require rigorously defined probe tip geometries and is less sensitive to contamination than TERS. As a result, since its inception, the AFM-IR approach has been applied to an ever expanding range of specimens spanning materials science disciplines. Recent examples include the identification of local degradation processes in organic coatings,^[@ref7],[@ref8]^ fibers,^[@ref9]^ oil paint^[@ref10]^ and solid state insulators,^[@ref11]^ minerals in bitumen,^[@ref12]^ geological specimens,^[@ref13],[@ref14]^ bone^[@ref15]^ and human dentin,^[@ref16]^ the analysis of corrosion inhibitor films,^[@ref17]^ individual aerosol particles,^[@ref18],[@ref19]^ nanoscale domains found in polymer blends,^[@ref20]−[@ref23]^ thermosets^[@ref24]−[@ref26]^ and nanocomposites,^[@ref27]^ the chemical groups on 2D nanomaterials,^[@ref28],[@ref29]^ and new insights into protein folding,^[@ref30],[@ref31]^ subcellular structures,^[@ref32]^ and plant epicutular wax.^[@ref33]^

![AFM-IR Experimental Set up with Pulsed Ir Illumination via (a) a Bottom-up Configuration Through a ZnSe Prism and (b) with Top-down Illumination](ac9b05793_0010){#sch1}

A significant factor contributing to the recent widespread application of AFM-IR has been the introduction and commercialization of a top-down illumination setup,^[@ref34]^ which has allowed a range of samples supported by any underlying substrate to be analyzed. In contrast, the original bottom-up illumination experiment necessitated the preparation of thin specimens in good contact with a ZnSe prism,^[@ref35]−[@ref38]^[Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. The top-down configuration has allowed specimen geometries to become less restricted and, hence, the adoption of AFM-IR as a routine analysis technique. However, one important consequence of this is the need to understand and eliminate potential infrared imaging artifacts.^[@ref2],[@ref39]^ For AFM-IR, previously reported sources of artifact in the infrared signal include variation in the tip--sample contact area on rough samples,^[@ref11]^ locally enhanced infrared amplitude signals over regions of increased sample thickness (i.e., increased volume of material beneath the probe),^[@ref39],[@ref40]^ and the dependence of the induced resonance on local mechanical properties (hardness).^[@ref41],[@ref42]^ At present, these effects are, for the most part, routinely considered by experienced microscopists when interpreting AFM-IR results. Since the aforementioned phenomena are all wavelength-independent, these can often be ruled out or eliminated by the examination of normalized local spectra and by the production of ratio maps (where infrared maps taken at two different wavenumbers are divided, in a process akin to spectral normalization). Here we report a new source of artifact and information which has previously gone unnoticed. Namely, features dependent on reflection of the incident infrared from an underlying substrate can appear in AFM-IR infrared spectra and maps. More importantly, since this effect is wavelength-dependent, it would not be corrected for by normalization approaches.

Experimental Section {#sec2}
====================

Sample Preparation {#sec2.1}
------------------

0.5--10% w/w solutions of polystyrene (Sigma-Aldrich, analytical standard, average *M*~w~ = 290,000) in toluene (Fisher Scientific, \>99%) were cast (Oscilla spin coater, spin speeds 1000--6000 rpm) onto gold decorated glass substrates, in order to generate layers of varying thickness. Periodic arrays of gold were prepared by depositing gold (Quorum150R Rotary-Pumped Sputter Coater) onto borosilicate glass microscope slides (VWR) through a 400 mesh TEM grid. Gold thickness was assessed by AFM profile analysis across scratched regions, using Peakforce Tapping mode images obtained on a Bruker Mulitmode 8. Polystyrene film thicknesses were assessed directly using either laser microscopy (Keyence X200 K 3D Laser microscope) or AFM profile analysis (Bruker NanoIR2) across a scratched region of the coating by determining the step edge height.

FTIR (Fourier Transform Infrared) Spectroscopy {#sec2.2}
----------------------------------------------

Reflectance FTIR spectra of samples were obtained using a FTIR-spectrometer (Nicolet 5700 spectrometer, Thermo Electron Corp.) equipped with room-temperature DTGS (deuterated triglycine sulfate) detector operating at 4 cm^--1^ resolution across the 4000--500 cm^--1^ range. Sixty-four co-averages were added to every spectrum.

Atomic Force Microscopy-Infrared Analysis (AFM-IR) {#sec2.3}
--------------------------------------------------

Nanoscale infrared analysis was performed on a NanoIR2 system (Bruker) operating with top-down illumination. During AFM-IR, the sample is subjected to rapid pulses (10 ns duration at a repetition rate of 1 kHz) from a tunable infrared source (optical parametric oscillators, approximate beam spot size 30 μm, power 1--10 mW across the spectral range). Absorption of infrared radiation induces abrupt thermal expansion of the sample, and this is detected by deflection of an AFM probe in contact with the surface. The recorded AFM-IR signal then corresponds to the amplitude of induced oscillation after fast Fourier transform. It has repeatedly been shown that for polymers plotting this signal as a function of IR wavelength yields spectra closely matched to those obtained by macroscopic FTIR.^[@ref15],[@ref40],[@ref43],[@ref44]^ Furthermore, since the IR pulse (10 ns duration), thermal expansion, and damping down of the induced oscillation occur on a faster time scale than the feedback electronics of the AFM, simultaneous contact-mode topographical measurement and IR absorption mapping can be performed at a given wavelength.^[@ref8],[@ref45]−[@ref47]^ For the present study, AFM-IR images were collected in a contact mode at a scan rate of 0.04 Hz using a gold-coated silicon nitride probe (0.07--0.4 N/m spring constant, 13 ± 4 kHz resonant frequency, Bruker). Maps were obtained using 32 co-averages for 600 points per 300 scan lines. Spectra were obtained using 1024 co-averages for each data point. Background spectra were used to correct for atmospheric IR absorption and laser power fluctuations. These were subtracted automatically by the software and were collected once per day, using 5 averaged spectra with 1024 co-averages for each data point across the spectral range.

The angle of refraction of the infrared through the polystyrene films was calculated to be 33.2° with respect to the normal by Snell's Law, using the literature value of 1.58 for the refractive index of polystyrene in the mid-infrared region^[@ref48]^ and the manufacturer-supplied incident angle of 60 degrees from the normal. These values are subsequently used to estimate the path length through polystyrene films of variable thickness and reflectivity of the air--polymer interface using the Fresnel equations.

Results {#sec3}
=======

Reflectance Effects in AFM-IR Maps and Spectra {#sec3.1}
----------------------------------------------

To investigate the effect of reflectance on AFM-IR analysis, model substrates with locally contrasting reflectivity were constructed by sputtering gold onto borosilicate glass through TEM (transmission electron microscopy) grids. This simple micropatterning technique was verified using scanning electron microscopy, where backscattered electron images and EDS (energy-dispersive X-ray spectroscopy) elemental maps confirmed the selective deposition of a periodic gold array, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c.

![Microscopy images of a periodic gold on glass substrate prepared by sputtering gold through a 400 mesh TEM grid onto borosilicate glass: (a) backscattered SEM image alongside the corresponding (b) oxygen EDS map and (c) gold EDS map; high resolution peak force tapping mode AFM image of the sputtered gold region (d) before and (e) after spin-casting of a 1200 nm thick polystyrene film.](ac9b05793_0001){#fig1}

High-resolution peakforce tapping mode AFM (atomic force microscopy) was performed on the patterned regions before and after coating with polystyrene. Height images revealed that the deposited gold was nodular in structure, with a measured thickness of 27 nm ±4 nm and Ra values of 0.36 nm, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. Polystyrene was then cast from solution onto the gold-decorated glass. After coating, the nanoscale morphology of cast polystyrene layers was found to be more homogeneous than the underlying gold (Ra value of 0.15 nm), demonstrating complete coverage of the underlying patterned substrate, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e. The thickness of deposited polymer layers was varied from 90 to 3000 nm by altering both the solution viscosity (1--10% w/w in toluene) and spin coating speed (1000--6000 rpm).

Next, AFM-IR analysis was performed for the polystyrene films. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the local spectra and maps gathered for a 1200 nm thick layer of polystyrene, where the infrared amplitude maps clearly show an enhanced signal over the underlying gold-coated squares, although the contrast was found to be dependent on the incident wavelength. This was found to be the case for all the thin films tested, and this wavelength-dependency was further confirmed by comparison to the local spectra.

![(Left) AFM-IR spectra of 1200 nm thick polystyrene on the gold sputtered region (green) and on the glass (black). (Right) AFM-IR contact mode height image and corresponding infrared maps gathered at 1076, 1448, and 1600 cm^--1^. Spectra correspond to the average obtained for four individual measurements at the locations indicated by markers.](ac9b05793_0002){#fig2}

Conventional reflectance mode FTIR spectroscopy showed that for the thicknesses of gold deposited onto patterned substrates (27 ± 4 nm), the gold coated regions should be substantially more reflective than borosilicate glass across the entire mid-IR range (although absolute reflectivity values will of course differ due to the difference between the incident angle achieved in air and polystyrene, and the difference in refractive index), [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Nonetheless, the relatively higher reflectivity of gold explains the enhanced AFM-IR signal, since the infrared reflecting off the gold substrate passes twice through the polymer film, producing a bigger photothermal response. Over glass, for most wavelengths the infrared is transmitted through the substrate, escaping the sample having only passed through the polymer film once (to a first approximation, see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf) for a detailed treatment of reflected intensities).

![FTIR reflectance-mode spectra of borosilicate glass, and borosilicate glass with 7, 31, and 82 nm thick sputter-coated gold layers.](ac9b05793_0003){#fig3}

Furthermore, for borosilicate glass, a broad infrared reflectance band is clearly observed at 1076 cm^--1^, corresponding to the band observed in AFM-IR spectra over glass regions. This is attributed to asymmetric Si--O--Si bond stretching.^[@ref49]^ In the case of AFM-IR spectra, polystyrene is also known to have several weak bands in this range, which are overlaid on the large SiO~2~ peak, giving it a more complex shape. Overall the glass spectra correspond well to the reported variations in the complex refractive index of silicate and borosilicate glasses across the infrared region^[@ref50],[@ref51]^ and to our calculations of the reflectivity increase expected at this wavelength (e.g., 4% reflectivity at 1600 cm^--1^, 53% reflectivity at 1076 cm^--1^, see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf)).

The above analysis of FTIR spectra supports the hypothesis that AFM-IR amplitude signals correspond to the reflectivity of the underlying substrate, i.e., reflectance of the infrared back into the film results in increased absorption by the polystyrene. However, a more detailed consideration of reflectivity is required to explain the lower contrast obtained in infrared maps at 1076 cm^--1^, corresponding to the Si--O--Si bond. As the glass/polystyrene interface becomes partially reflective at this wavelength (41% calculated reflectivity, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf)), the intensity over glass will be enhanced by a partial second pass of the infrared though the polymer film (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf)). Furthermore, since significant infrared is also entering the glass substrate at a wavelength at which it now strongly adsorbs, we must also consider the photothermal detection technique operational during AFM-IR analysis. Although the glass will be heated from infrared adsorption, this contribution may be small given the much lower coefficient of thermal expansion compared to polymer and the remoteness from the detecting tip. However, the thermal response of the underlying substrate could be amplified by thermal expansion of the overlying organic film, similar to an effect recently shown for AFM-IR of graphene on polymer substrates.^[@ref52]^

In order to investigate this, detailed analysis of the AFM-IR amplitude signals was performed for polystyrene films of variable thickness. To a first approximation, the AFM-IR amplitude signal of organic specimens has been shown to be directly proportional to infrared absorption,^[@ref45]^ and, for a given polymer, since infrared absorption follows the Beer--Lambert law, this should scale with the effective path length, i.e., film thickness. Indeed, correlation between the local sample thickness and AFM-IR amplitude signal has previously been demonstrated to exist for polystyrene beads of \< 750 nm thickness.^[@ref53]^ In the present case, the AFM-IR amplitude signal was assessed using the average spectrum generated from four individual readings over both the gold-coated glass and glass regions, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} for 1200 nm thick polystyrene. The results for polystyrene layers of 90, 300, and 600 nm thickness demonstrate that the raw AFM-IR infrared-induced amplitude signal signals do indeed scale linearly for submicron film thicknesses, and this is found to be the case over both gold-decorated glass and glass regions for signals at 1448, 1488, and 1600 cm^--1^, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. For the 1200 nm thick films, however, this correlation breaks down, which we propose is likely due to a nonlinear response of the AFM-IR to intense absorptions as the detection mechanism becomes saturated.

![AFM-IR amplitude values obtained from the average of four individual spectra collected over gold (yellow ▲) and glass (gray ◆) regions at 1076, 1448, 1488, and 1600 cm^--1^, as a function of the overlying polystyrene film thickness.](ac9b05793_0004){#fig4}

When considering reflection, enhancement of the infrared amplitude signal should also increase as a function of the film thickness (again corresponding to the increased path length). Thus, evidence for the reflection effect can be found in the increasing difference between the AFM-IR amplitude signal over gold and glass regions (corresponding to the increase caused by reflection only) at 1448, 1488, and 1600 cm^--1^, although these increases are not linear, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. This interpretation is also supported by the full optical modeling at 1600 cm^--1^ given in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf), with the difference in absorption between gold and glass increasing (although not linearly and slightly nonmonotonically) between 90 and 1200 nm thickness. We note that the spectrum over gold in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} has an unexplained baseline amplitude increase from 1600 to 1800 cm^--1^. For this reason, no detailed interpretation has been attempted for wavenumbers \> 1600 cm^--1^. Moreover, by considering amplitude differences between spectra as a function of wavelength, as in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, we can be more certain that any baseline offset between spectra does not influence our interpretation.

![Difference between AFM-IR amplitude values obtained from the average of four individual spectra collected over gold decorated glass and glass only regions of the substrate at 1076, 1448, 1488, and 1600 cm^--1^, as a function of the overlying polystyrene film thickness.](ac9b05793_0015){#fig5}

This finding has several implications for the wider interpretation of AFM-IR data. First, since the local reflectivity of the substrate clearly affects the magnitude of AFM-IR amplitude signals, features in the AFM-IR spectra and maps may correspond to any local heterogeneities of an underlying reflective substrate. This is particularly relevant for the analysis of industrial coatings, where factors affecting the local reflectivity of an underlying substrate may include local spots of adhesion loss, blistering, corrosion, or even the different phases of alloys. On the other hand, in the case of good contact between thin organic specimens and homogeneously reflective sample supports (e.g., silicon wafer), the near-linear correlation found between the raw AFM-IR amplitude signal and film thickness (for submicron films) indicate that the approaches conventionally used to correct for variable sample topology, i.e., spectral normalization and ratio image generation, can be applied for data interpretation in the presence of reflectance.

The AFM-IR amplitude signal at 1076 cm^--1^ demonstrates that in some cases more detailed optical modeling is necessary, since the raw signal does not scale in the same manner with the film thickness, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. While signals at 1448, 1488, and 1600 cm^--1^ increase near-linearly over most of the polymer thickness range, the signal at 1076 cm^--1^ plateaus between 300 and 600 nm thickness. We propose two contributions to this different response: absorption from the glass substrate and thin-film interference effects.

Considering first absorption in the glass: since 1076 cm^--1^ corresponds to Si--O--Si bond vibrations, it is expected that a strong infrared absorption and heating will occur in the glass substrate (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf) for modeling of this absorption). However, it is not certain that this absorption would be detected by the AFM-IR at the surface, as the glass is both buried and will have a much lower coefficient of thermal expansion than the polymer. As discussed above, it is possible that this weak thermal response in the borosilicate glass substrate is amplified by thermal expansion of the overlying polystyrene film. To test this amplification hypothesis, control AFM-IR spectra of the uncoated borosilicate glass were performed. A weak band was indeed detected in the 1000--1200 cm^--1^ region, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, greatly amplified by the polymer overlayer. The magnitude of the glass absorption and thermal response is expected to vary only slightly with polystyrene film thickness ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf)), so although an initial amplification effect is seen between 90 and 300 nm, the contribution of glass expansion to the overall AFM-IR amplitude signal clearly diminishes as film thicknesses are further increased.

![Average AFM-IR spectrum (of 20 individual measurements) gathered for an uncoated borosilicate glass substrate, and the average spectra (of 4 individual measurements) collected over borosilicate glass regions of a patterned substrate in the presence of 300 and 600 nm polystyrene coatings.](ac9b05793_0006){#fig6}

Considering thin-film interference effects, full optical modeling of IR absorption in the polymer at 1600 cm^--1^ ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf)) reveals that the first thin-film interference fringe at this wavelength occurs at a film thickness of approximately 1200 nm, with a strong signal enhancement over gold predicted for films of this thickness. Some evidence for this enhancement is seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, although the effect is likely suppressed by detection saturation as discussed above. In contrast, modeling at 1076 cm^--1^ reveals that the first thin-film interference fringe does not occur until approximately 1800 nm ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf)) with little interference-derived enhancement over gold for thinner films. This effect further serves to reduce the observed intensity difference between gold and glass at 1076 cm^--1^. A full treatment of thin-film interference effects in AFM-IR will be presented in a subsequent manuscript.

Importantly, the more complex relationship to sample thickness observed at 1076 cm^--1^ negates the use of conventional AFM-IR morphology corrections (spectral normalization and ratio images) if the spectra and/or images are collected at wavelengths coincident with substrate absorption bands, even in cases where the underlying substrate is structurally homogeneous.

Given that reflectance of the infrared beam influences the photothermal AFM-IR amplitude signal, optical artifacts may be expected to occur.^[@ref54]^ These are well-known to arise in the experimentally similar RAIRS (reflectance-absorption infrared spectroscopy) technique due to the Fabry--Perot interference. During RAIRS of thin films, interference between infrared reflected at the surface of the sample and the emergent beam commonly imposes a periodic background fluctuation, which dominates thin film spectra. Our modeling ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf) and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf)) has shown that for AFM-IR of the polystyrene films investigated, all film thicknesses encompass only the first interference fringe, giving only nonperiodic interference effects. In keeping with this, no tell-tale periodic patterns were observable in any of the AFM-IR spectra obtained over gold, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

Evidence of interference effects can however be found when small fluctuations in the AFM-IR amplitude signal are directly visualized in AFM-IR amplitude maps. Local variations in interference may be expected, since the overall intensity of radiation reaching the polymer in contact with the probe will vary according to the tip (and therefore incident beam) position, as illustrated in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. (For simplicity, [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} shows only light reflected by the gold, whereas, in reality, weaker reflection, and rereflection, will also occur over glass regions, see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf)). For thicker films, a "shadow" effect was seen in images, overlaid on the bright squares corresponding to reflection from the gold regions, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. These shadows are attributed to destructive interference for 1150 and 3000 nm thick films imaged at 2848 cm^--1^. Supporting evidence that these shadow features correspond to optical interference was found in the wavelength dependence of the contrast. For the 3000 nm thick film, constructive interference yielded locally brighter contrast when mapped using 1600 cm^--1^ illumination, in the same region as destructive interference generated shadow effects in maps obtained at 2848 and 2920 cm^--1^, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}.

![Illustration of Multiple Infrared Reflections over Gold Decorated Regions of the Substrate, Where Interference between the Two Reflected Beams May Occur (Left), and Single Reflectance from the Gold Region, Where No Interference Occurs for the Reflected Radiation (Right)](ac9b05793_0011){#sch2}

![Top-down view of the AFM-IR setup, showing the orientation of the probe and the direction of IR illumination and AFM-IR infrared induced amplitude maps gathered using incident excitation at 2848 cm^--1^ for polystyrene films deposited onto gold decorated borosilicate glass substrates. Film thicknesses were (a) 600, (b) 1150, and (c) 3000 nm. Red arrows illustrate the direction of infrared illumination.](ac9b05793_0007){#fig7}

![AFM-IR infrared induced amplitude maps of 3000 nm thick polystyrene films deposited onto gold-decorated borosilicate glass substrates. Images were obtained using incident infrared at (a) 1600, (b) 2848, and (c) 2920 cm^--1^. Red arrows illustrate the direction of infrared illumination.](ac9b05793_0008){#fig8}

Furthermore, the displacement between an interference effect (a shadow in the case of destructive interference) and the edge of the bright square will be dictated by the refraction of infrared light inside the polymer film and the film thickness. This was found to be the case; the distance between the apparent edge of the gold square and the edge of the shadows in the images shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} scaled approximately with film thickness. These were measured to be 8 and 18 μm for the polystyrene layers of 1150 and 3000 nm thickness.

It is nonetheless necessary to consider a feasible alternative explanation for these shadow effects: uneven heating of the specimen as a result of contrasting reflectivity across the patterned substrates. This is expected to cause the overall sample surface to heat up in many places, creating a photothermal oscillation of the air above the sample. A control experiment was devised to test if this was the case; after imaging a region of a 3000 nm thick coating with clear shadow effects, the AFM tip was withdrawn by progressively lowering the set point until contact was lost (signified by no response in the height scan), [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}. Scanning under otherwise identical conditions then demonstrated that the AFM probe indeed responds to photothermal oscillation of the air just above the sample. However, the AFM-IR amplitude maps obtained in this manner show that the portion of signal due to this effect does not correspond to the shadow effects observed in contact mode AFM-IR maps.

![(Top) AFM probe deflection as a function of tip--sample separation for a 3000 nm thick polystyrene film deposited onto a gold-decorated borosilicate glass substrate, and (bottom) AFM-IR height and IR-amplitude images obtained using incident infrared at 1600 cm^--1^ with deflection set points at (a) −0.275, (b) −0.575 V, and (c) −1.000 V.](ac9b05793_0009){#fig9}

Conclusions {#sec4}
===========

Reflection from the underlying substrate produces distinctive, wavelength-dependent features in local infrared spectra obtained using AFM-IR. Uniquely, this means that by using AFM-IR, information relating to the local composition of a buried substrate may be obtained in a nondestructive manner, alongside chemical analysis of an overlying film. This raises the intriguing possibility of expanding the photothermal infrared approach to include the indirect detection of discontinuities of metallic substrates. Nonetheless, for AFM-IR analysis of thin films, these results clearly indicate that the specular reflectance of an underlying substrate, its thermal response, and weak interference effects have a bearing on local spectra and infrared maps. The nature of the underlying substrate and local variations in specimen thickness should therefore be carefully considered when interpreting AFM-IR data.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.analchem.9b05793](https://pubs.acs.org/doi/10.1021/acs.analchem.9b05793?goto=supporting-info).Calculations of interface reflectivities using CompleteEase ellipsometry software, and full modeling of the absorbed intensity for polystyrene film on gold-decorated glass or glass alone using RefFIT ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b05793/suppl_file/ac9b05793_si_001.pdf))
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